We studied glomerular ATPase activity, as detectable at the light microscopic (LM) level in cryostat sections of the rat kidney, after unilateral local X-irradiation. The biochemically detectable reduction in glomerular ATPase activity after X-irradiation could be demonstrated at the LM level by application of a modified cerium-based technique. Results show a clear reduction of reaction product in glomeruli in X-irradiated kidneys as compared with the contralateral control kidney. Technical parameters (i.e., tissue fixation, section thickness, cerium concentration of the incubation mixture, and percentage H 2 0 2 added for the amplification step) were established for optimal reproducibility of the staining results. We show that this modified staining protocol
Introduction
Recent studies have demonstrated the anti-thrombotic and antiinflammatory properties of adenine nucleotidases localized in capillary walls of various tissues, i.e., kidney and placenta (2,3,9,11). In particular, in glomeruli of the kidney these enzymes occur not only along plasma membranes of glomerular cells but also throughout extracellular sites such as the glomerular basement membrane (5). The extracellular localization of these enzymes could be detected with the cerium-based method at the ultrastructural level as introduced by Veenhuis et al. (15) and modified by Hulstaert et al. (6) , showing an improved preservation of the morphology. With this method it has been shown that under certain experimental conditions reduced ATPase activity in glomeruli of the rat kidney could be detected (3).
However, until now these differences are difficult to confirm using light microscopic techniques, such as the lead-based Wachstein and Meisel method (16) or the cerium-based methods described elsewhere (1, 4, 19) . This may be due to the extremely high enzyme Supported by the Dutch Kidney Foundation (grant no. C86-602).
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activity present in the glomeruli. Therefore, we modified the ceriumbased method at the LM level to increase its sensitivity, enabling us to detect experimentally induced alterations of glomerular ATPase activity. The applicability of this method was estimated by using a previously described model in which the unilaterally X-irradiated rat kidney showing reduced glomerular ATPase activity is compared with its contralateral (control) kidney (10).
The results show a significant improvement of histochemical staining for ATPase with the modified method, including the detection of reduced amounts of reaction product in kidneys of unilaterally X-irradiated animals.
Materials and Methods
Chemicals. The following chemicals were used: adenosine->'-monophosphate (AMP), adenosine->'-diphosphate (ADP), adenosine->'-triphosphate (ATP). guanosine-5'-diphosphate (GDP), pararosanilin, levamisole, p-glycerophosphate, 3,3'-diaminobentidine (DAB), N-ethylmaleimide (NEM) (Sigma; St Louis, MO); adenosine-5'-0-(2-thiodiphosphate) (ADP-PS), adenosine->'-O-( 3-thiotriphosphate) (ATP+), inosin->'-triphosphate (ITP), uridine-5'-diphosphate (UDP) (Boehringer Mannheim; Mannheim, Germany); and cerium 111-chloride (Fluka; Buchs, Switzerland). Other chemicals mentioned below were obtained from Merck (Darmstadt, Germany).
Animals. Male PVGk rats, 3 months of age and fed ad libitum on stan-dard chow (Hope Farms; Woerden, The Netherlands) were used throughout the study.
Local X-irradiation. Unilateral kidney irradiation was carried out as described previously (10) . Briefly, rats were anesthesized with Hypnorm (0.1 ml IM) and bodies were shielded with lead, leaving the left kidney unprotected. Rats received 20 Gy during a 21-min radiation period with a Philips Muller MG 301 X-ray machine operated at 200 kV and 15 mA. Enzyme activity in X-irradiated left kidneys was compared with activity in the contralateral control kidney.
Histochemistry. Phosphatase enzyme histochemistry was performed on 4-pm kidney cryostat sections. unless otherwise stated (see below).
HS-PRA Fixative. The hexazonium salt of pararosanilin (HS-PRA) was prepared according to De Jong et al. (7) . Briefly. one part Of4% pararosanilin in 2 M HCI was mixed with one part of 4 % NaNO2 for 1 min. Subsequently. 80 pI of this solution was added to 1 m10.2 M Tris-HCI (pH 7.2).
The Cerium-based Method for ATPase Staining. Sections were fixed with HS-PRA (exactly 2 min. room temperature). The pre-incubation and incubation steps of this method. including the formation of cerium phosphate, are similar to the protocol used for enzyme detection at the electronmicroscopic level (5). After fixation and 2 min of washing with Aquadest, sections were pre-incubated in 0.14 M Tris-HC1 buffer (pH 7.2) with 5 mM Mg(NO3)2 and 1 mM CeClj (15 min. 37%) to allow diffusion of cerium ions to the sites of phosphatase activity. Subsequently, sections were incubated at 37'C in the same incubation medium with the substrate ATP (2.3 mM) for 30 min. unless otherwise stated (see Results). Subsequent conversion of cerium phosphate to cerium perhydroxide was performed according to the method of Halbhuber et al. (4) with modifications. Briefly, after 5 min of washing in 0.1 M glycine-NaOH buffer (pH 8.5). sections the enzyme were established by this method. Furthermore. the applicability of the method for the detection of differences in phosphatase activity was tested in subsequent experiments using the model of unilateral X-irradiation of rat kidneys.
In this experiment, four rats received local X-irradiation of their left kidneys. After 24 hr animals were sacrificed and exsanguinated under ether anesthesia and their kidneys were processed as indicated. The non-Xirradiated (right) kidneys served as control kidneys. Cryostat sections (4 pm) were prepared from each individual kidney and stained for ATPase by the cerium-based method, Evaluation of Staining Procedure. To evaluate the results of the staining experiments. 50 glomeruli of each kidney (n = 4) were examined microscopically.
Semiquantitative Evaluation. A semiquantitative scoring procedure was used to assess glomerular enzyme activity in X-irradiated vs non-x-irradiated control kidneys. Sections were evaluated at a magnification of x 400 by use of an ocular grid of 1 x 1 cm divided into 100 squares. Using this screen, 50 glomeruli from each kidney were evaluated (final magnification x 400) and scored for both the number of squares covering the glomerulus and the number of squares displaying positive DAB reaction product. A square was scored positive when more than 50% of the area showed reaction product. Results are expressed as means ( 5 SD) of the percentage positive squares per kidney. Statistical analysis was performed with the Student's t-test and results were considered significant at p<o.O5.
Results
The Stainin2 Procedure were incubated in the same buffer with H202 for 20 min at room temperature. The concentration of H202 was 0.5% unless otherwise stated. To enhance the visualization of the reaction product, 3,3'-diaminobenzidine (DAB) as amplification step was carried out; sections were washed in 0.1 M Tris-HCI buffer (pH 7.6) and subsequently incubated in the Same buffer with 15 m~ imidazole and 1.3 m~ DAB at 6O'C for 10 min. After rhorough washing. sections were dehydrated in an alcohol series and covered can be Seen in ~i~~~~ cryostat sections of the normal rat kidney stained by the cerium method for ATPase showed reaction product predominantly in the glomerular tuft. In addition, peritubucapillaries and other renal vessel walls were positively stained. However, reduced stainability, particularly of the central part of the glomerular tuft, was occasionally observed (Figure 2 ). There-with mounting medium.
Histochemical Characterization of the Enzyme. Cryostat sections of normal rat kidney were also incubated with other substrates to test the substrate specificity of the enzyme. Following the cerium-based protocol with optimal conditions. ADP, UDP, GDP, or ITP (all nucleotides in a concentration of 2.3 mM) was applied as substrate. In addition, &qlycerolphosphate (2.3 mM). AMP(3.0 mM). or the analogues ADP-!3S and ATP-.IS (2.3 mM) were used as substrate. Nucleoside diphosphates or AMP were applied with 0.2 M Tris-maleic acid (pH 7.2) (10).
To test the cation dependency of these nucleotidases. reaction mixtures were prepared with or without Ca" or Mg2+, 5 mM CaC12, and 5 mM Mg(N03)~. The influence of various inhibitors was tested in additional experiments. Sections were pre-incubated and incubated in incubation buffers with either 1.25 mM levamisole. an inhibitor of alkaline phosphatase, 1 mM sodium azide, 1 mM N-erhylmaleimide (NEM), both inhibitors of ATPase activity of the F-type (8). or vanadium oxide (V205; 1 mM) as inhibitor of P-type ATPase activity (8) . During the subsequent incubation period the inhibitor was also present in the same concentration.
Experimental Design. Cryostat sections of normal rats (n = 4) were studied with the modified protocol for the cerium-based method. To select the optimal staining conditions. section thickness. incubation time, cerium and H202 concentrations. as well as the fixative. were varied. For comparison, the method of Wachstein and Meisel with formalin-macrodex as the fixative (16) was performed on cryostat sections of the same rats. After assessment of the optimal staining procedure, the characteristics of fore, staining conditions were systematically varied to avoid this "artifactual" staining pattern. The H202 concentration was varied between 0.005% and 0.5%. whereas the cerium concentration was varied between 0.1 mM and 1.0 mM. The incubation time was 10, 20, or 30 min. Comparing the occurrence of the artifact under the different conditions, it appears that the incubation time and the cerium concentrations rather than the H202 concentration are important to prevent the artifactual staining pattern. To achieve a reproducible normal glomerular staining pattern with optimal visualization of reaction product. 0.5% H202 and 1 mM cerium are needed, with an incubation time of 30 min. Under the conditions mentioned above, 4-pm sections are required. Thinner sections (i.e., 2 or 3 pm) showed inconsistent and faint staining patterns, whereas an increase in the relative frequency of the artifactual staining (shown in Figure 2) was observed when 5-, 6-, 8-, or 10-pm sections were tested. As compared to the Wachstein and Meisel method (16) . there was a striking lack of ATPase activity in the tubule brush borders and in the cytoplasm of the loops of Henle when the modified cerium-based protocol was used (results not shown).
a
Glomerular ATPase staining in sections of normal rat kidney could not be inhibited by either levamisole. sodium azide, or N-ethvlmaleimide (NEM). However, reaction product was completely absent after addition of vanadium oxide to the incubation medium. Application of the substrate ADP yielded a similar staining intensity to that obtained with ATP. The substrates UDP, GDP, and ITP also yielded similar staining patterns and intensities as for ATP. No enzyme activity was found when B-glycerolphosphate was used as the substrate or with AMP as substrate.
When competitive substrate inhibition using non-degradable analogues (i.e., ADP-PS or ATP-yS) was applied, neither incubation with the substrate ADP-PS nor with the substrate ATP-YS resulted in the formation of reaction product. Furthermore, addition of 2.3 mM ADP-PS to the incubation medium containing the native molecules completely blocked staining for ADPase, whereas staining for ATPase was reduced to a lesser extent. Supplementation of the reactive mixture with ATP-yS (2.3 mM) greatly reduced staining for both ADPase and ATPase. As to the Ca2+ or Mg" dependency of the glomerular nucleotidase reaction, no significant differences in glomerular staining were observed with either Ca2'or Mg2+-containing reaction mixtures. However, cation-free incubation medium resulted in decrease of stainability for ATPase. whereas ADPase staining was less obviously affected.
Experimental Application of the Cerium-based Method
To compare the enzyme activity between X-irradiated and non-Xirradiated kidney, 4-pm cryostat sections of left and right kidneys obtained from each animal were compared. X-irradiated kidneys showed a significant reduction in the amount of reaction product in glomeruli as compared with glomerular staining in control kidneys (Figure 3) . Semiquantitative evaluation showed 65.1% 2 3.0% positive squares in non-irradiated kidneys whereas in X-irradiated kidneys the mean score was 42.1% 2 5.9 (p<O.005) (Figure 4) . 
Discussion
The tissue distribution of nucleoside phosphatases, including ATPase, has attracted a great deal of attention by many investigators. This has resulted in the development of various protocols using cerium as capture ion (5, 13, 18) , including a variety of techniques for improvement of the visualization of the reaction product (1, 19) . Nevertheless, in contrast to results obtained by cytochemistry at the EM level, until now we have not been able to detect decreased glomerular ATPase activity at the LM level after local X-irradiation. Therefore, in the present study we first analyzed the optimal conditions for ATPase staining at the LM level using a modified EM-cerium method ( 5 ) on cryostat sections. Second, we characterized the enzyme by studying the inhibition pattern histochemically and tested the adapted method in an experimental model involving locally X-irradiated rats with affected glomerular ATPase activity.
During the development of the present staining protocol a major artifactual staining pattern in glomeruli was observed, i.e., reduced staining of the central part of the glomerular tuft ( Figure  2 ). A similar phenomenon of reduced staining was observed by Van Goor et al. (14) after demonstration of alkaline phosphatase activity in the brush border of the rat intestinal epithelium. Although this has not been proven, this artifact probably arises during enzyme incubation leading to the formation of cerium phosphate. Both incubation time and cerium concentration appeared to influence this artifactual staining considerably. Furthermore, section thickness appeared to be critical. Thus, only 4-vm sections show reproducible results under the incubation conditions described.
The mechanism by which this typical reduced staining pattern in the central part of the glomerular tuft is generated is not clear. We could speculate that abundant cerium phosphate accumulates predominantly in the mesangial matrix, giving rise to aggregates of different size and structure as compared with those formed in the capillary loops, which can be readily released during further incubation steps. An alternative possibility is that abundant formation of cerium phosphate in the mesangial area hinders optimal conversion of precipitate in the later reaction steps. Whatever the mechanism may be, when a suitable protocol is used to avoid this type of artifact, it is clear that ATPase activity can be demonstrated in a reproducible manner in glomeruli of the normal rat kidney.
The inhibition results confirm that glomerular ATPase belongs to the P-type (8), since its activity can be inhibited exclusively by vanadate. Because inhibition of alkaline phosphatase by levamisole did not give rise to reduced amounts of reaction product, glomerular alkaline phosphatase activity can be excluded. The finding that various di-and trinucleotides, including the substrates ADP, UDP, GDP, and ITP, give rise to the same amount and distribution of reaction product is in agreement with previous ultrastructural observations (5), confirming that only di-and trinucleoside phosphatase activity is present in the glomerular tuft of the rat kidney. Accordingly, substrates such as P-glycerophosphate or AMP are not converted by the glomerular phosphatases. The competitive inhibition experiments with non-hydrolyzable adenine nucleotide analogues suggest that the different phosphatases share the same active site, since ADP-OS inhibits ATP hydrolysis, whereas ATP+ strongly inhibits ADP degradation. This confirms and extends previous biochemical studies suggesting that ATP, ADP, and UDP compete for the same binding sites (9). The glomerular enzyme degrades di-and triphosphates for which the triphosphatase activity is CaZ+ or Mg2+ dependent, in contrast to the diphosphatase activity. Although this latter observation might argue against the notion that one enzyme is involved in hydrolysis of both ATP and ADP, this variable cation dependency does not necessarily exclude this concept. Therefore, according to the ATPase model of Serrano (12) dealing with plant ATPases, it is conceivable that the glomerular enzyme requires one (instead of two) Mg2' bridges at the level of the y-phosphate grouping of the nucleotide for its binding to the enzyme. Further investigations are needed to settle this issue.
As can be seen from Figure 4 , significant reduction of decreased ATPase activity in X-irradiated kidneys could be detected with the modified protocol. This observation confirms previous biochemical and ultrastructural findings (10).
Screening of glomerular ATPase activity at the LM level under experimental conditions has recently been recognized as highly relevant, since it has been shown that in the rat kidney reduced glomerular nucleotidase activity could be linked to certain pathological conditions. For example, intact glomerular ADPase is of major importance as an anti-thrombotic mechanism (3,9-11), whereas ATPase has been recognized as an anti-inflammatory mechanism degrading (pro-inflammatory) exuacellular ATP (llJ7). The ceriumbased method described here, which allows quantitative screening of tissue sections, may facilitate further research into the role of these extracellular nucleotides and vascular nucleotidases in the pathogenesis of inflammatory diseases.
